Although the response properties of most neurons are, to a large extent, determined by the presynaptic inputs that they receive, comprehensive functional characterization of the presynaptic inputs of a single neuron remains elusive. Toward this goal, we introduce a dual-color calcium imaging approach that simultaneously monitors the responses of a single postsynaptic neuron together with its presynaptic axon terminal inputs in vivo. As a model system, we applied the strategy to the feed-forward connections from the projection neurons (PNs) to the Kenyon cells (KCs) in the mushroom body of Drosophila and functionally mapped essentially all PN inputs for some of the KCs. We found that the output of single KCs could be well predicted by a linear summation of the PN input signals, indicating that excitatory PN inputs play the major role in generating odor-selective responses in KCs. When odors failed to activate KC output, local calcium transients restricted to individual postsynaptic sites could be observed in the KC dendrites. The response amplitudes of the local transients often correlated linearly with the presynaptic response amplitudes, allowing direct assay of the strength of single synaptic sites. Furthermore, we found a scaling relationship between the total number of PN terminals that a single KC received and the average synaptic strength of these PN-KC synapses. Our strategy provides a unique perspective on the process of information transmission and integration in a model neural circuit and may be broadly applicable for the study of the origin of neuronal response properties.
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G-CaMP | R-GECO | EM reconstruction | functional connectome | inputome mapping N eurons exhibit a wide variety of response properties that are essential for their functions in the brain. For example, visual cortical neurons are tuned to specific features in the visual stimuli (1) , and hippocampal neurons can be tuned to spatial locations in the environment (2) or even to abstract concepts in humans (3) . A central problem of systems neuroscience is to elucidate the principles of circuit organization and neuronal computation underlying the generation of such response properties. Because a typical neuron is an integration device that converts many inputs to an output, its response properties are necessarily computed from the response properties of the presynaptic inputs that it receives. Therefore, comprehensive functional mapping of the presynaptic inputs of single neurons should contribute significantly to the questions of the origin of neuronal response properties. Although several previous works (4) (5) (6) (7) (8) have made significant advances toward this goal using optical imaging, electron microscopic (EM) reconstruction, or correlative preand postsynaptic electrophysiological recording, only a minority of inputs were characterized in these studies, and a comprehensive mapping of the presynaptic inputs to a single neuron remains elusive.
The mushroom body (MB) of Drosophila, generally regarded as the third layer of the olfactory pathway, has been extensively studied as a model sensory system (9, 10) (Fig. 1A) . A particularly well studied area is the MB calyx, where the intrinsic neurons of the MB, the Kenyon cells (KCs), receive inputs from the axon terminals of the projection neurons (PNs). Neural circuitry of the MB calyx offers particular technical advantages for the comprehensive mapping of synaptic connectivity because a single KC receives only a small number of PN inputs and the connections between PNs and KCs form characteristic structures that are within the resolving power of light microscopy (11, 12) . Despite the relatively simple circuit structure, a major transformation of odor-evoked response patterns was observed between PNs and KCs, in that single KCs are highly selective for particular odors (13) (14) (15) , whereas PNs are more broadly tuned (16, 17) . This response property of KCs was thought to be functionally important because the MB is widely regarded as a storage center for olfactory memory (10, 18) , and KCs with a high level of odor selectivity might minimize the interference between different memories.
A number of hypotheses have been proposed to explain the origin of odor selectivity in KCs. For example, previous studies have suggested that a high level of odor selectivity could be achieved by summing inputs from a large number of randomly selected PNs, followed by thresholding at a high level (19, 20) . Temporal patterning of PN inputs relative to the phase of membrane potential oscillations in KCs may also play an important role, based on studies of the locust MB (21) . Other works have explored the possible contributions of feed-forward inhibition, intrinsic properties of KCs, and plasticity of PN-KC synapses (22) (23) (24) . However, experimental support for these ideas has been mostly indirect, and the synaptic origin of odor-evoked responses in KCs remains unclear in Drosophila.
Here we investigated this question by comprehensive functional mapping of PN inputs to single KCs. For all of the PN-KC synaptic sites, we simultaneously measured pre-and postsynaptic odor-evoked responses with dual-color calcium imaging. We found that KC output could be well predicted by thresholding the sum of excitatory PN inputs without considering inhibitory inputs, directly supporting the notion that the functional connectivity between PNs and KCs plays a primary role in the generation of highly selective odor responses in KCs. In addition, local calcium transients that likely correspond to subthreshold synaptic activation could be readily observed at postsynaptic sites, opening possibilities for the direct measurement of synaptic transmission and plasticity in this system.
Results
General Strategy. Our strategy for the functional mapping of the presynaptic inputs received by a single postsynaptic neuron is Fig. 1B . To implement the strategy in the MB calyx, we sparsely labeled single KCs with genetically targeted expression of the green calcium indicator protein G-CaMP3 (25) , while simultaneously densely labeled the presynaptic PNs with the expression of the red calcium indicator protein R-GECO1 (26) . The odor-evoked response properties of single KCs and the population of presynaptic PN axon terminals could then be simultaneously measured with dual-color calcium imaging over the entire MB calyx. Afterward, by locating the claw-like structures of KCs that are indicative of synaptic connections (11, 27) , the PN axon terminals that made synapses with the single postsynaptic KC could be unambiguously determined and analyzed with light microscopy.
Dual-Color Calcium Imaging. Although G-CaMP3 has been extensively used and calibrated as a neural activity reporter in Drosophila, R-GECO1 has not yet been introduced to this model organism. Therefore, we made transgenic flies carrying UAS-R-GECO1 and calibrated its response characteristics against G-CaMP3 by expressing both UAS-G-CaMP3 and UAS-R-GECO1 in the PNs with GH146-GAL4. We found that PN axon terminals could be clearly visualized by the basal fluorescence of G-CaMP3 and R-GECO1, with no obvious difference between images obtained from the two channels (Fig. S1A) . When an odor was presented to the fly in vivo, fluorescence increase in the axon terminals could be detected in both channels with similar activation patterns (Fig. S1B) . By comparing the odor-evoked signals of the two calcium indicator proteins from individual PN axon terminals (Fig. S1C) , we found that the peak response amplitude of R-GECO1 is approximately half that of G-CaMP3 and that this relationship is essentially linear across the whole dynamic range (Fig. S1D) . The temporal kinetics of calcium responses recorded by R-GECO1 is also comparable to that of G-CaMP3 (Fig. S1C) , showing similar time constants during the decay phase of the odor-evoked calcium transients (Fig. S1E) . Therefore, R-GECO1 and G-CaMP3 compose a pair of indicators with similar calcium response properties, except that their response amplitudes differ by approximately twofold.
Structural Mapping of PN Axon Terminals to Single KCs. We used a FLP (flippase)-out strategy (28) to stochastically drive UAS-GCaMP3 expression in single KCs from the ∼2,000 KCs covered by OK107-GAL4 (29) . Simultaneously, we used GH146-QF to drive QUAS-R-GECO1 expression in ∼90 PNs, covering more than half of the PN population (30) . Although GH146-QF does not cover all of the PNs, single KCs connect with only a small number of PN terminals, and we show below that complete or semicomplete mapping of PN inputs could be found for a substantial number of the randomly labeled KCs. Under light microscopy, the MB calyx was clearly outlined by the surrounding glial cells (Fig. 2 A-C and Movie S1), which were fluorescent because of a transgenic element carried in GH146-QF (30) .
Of the 263 MB calyces analyzed, G-CaMP3 expression in single KCs or clones of KCs could be detected in 176 calyces with 2.6 ± 2.1 (mean ± SD, as for all values below) KCs labeled per calyx. The KCs are unipolar neurons with simple and stereotyped dendrites that are highly amendable to analysis ( Fig. 2 C-E) (11, 12, 31) . After leaving the cell body, the main process of a KC sent out 3.2 ± 1.5 primary side branches in the MB calyx (n = 23, Fig. 2F ) before being collected into a bundle that extended anteriorly to become the axonal lobes (Fig. 1A) . More than half of the primary branches (57 ± 27%, n = 23) gave rise to a small number of secondary branches (1.6 ± 0.9, n = 39, Fig. 2G ), but tertiary branches were rarely found from secondary branches (4 of 62). Most of the branches ended with a claw-like structure that encircled a single PN axon terminal; these were exceptionally large globular structures that often extended to more than 2 μm (Fig. 2E) . Counting from all of the branches, the total number of claws per KC was 6.2 ± 2.4 (n = 23, Fig. 2H ). On average, for more than half of the claws (61 ± 26%, n = 23, Fig. 2I ), the presynaptic PN axon terminals encircled by the claws were found to express R-GECO1. No structure was visible inside the other claws, likely because the corresponding PN axon terminals did not express GH146-QF because these axon terminals could be revealed by immunostaining for choline acetyltransferase (ChAT) (Fig. 2E) . Notably, for more than 15% of the single KCs, essentially all of the PN terminals (>90%) encircled by the claws were covered by R-GECO1 (Fig. 2I ).
EM Analysis of the MB Calyx. Although evidence from previous studies supports the idea that the sites of synaptic contacts between PNs and KCs are restricted to the claw-like endings of KC dendritic branches (11, 27) , a rigorous examination of this hypothesis requires extensive reconstructions of single KCs at the EM level. Therefore, we reconstructed 3D structures of 59 single KCs from a stack of 450 EM images obtained with focused ion beam scanning electron microscopy (FIB-SEM) (32) . The acquired total volume consists of two adjacent cubes of 50 × 50 × 9.4 μm 3 and 26 × 26 × 8.7 μm 3 with voxels of 12.6 × 12.6 × 40 nm 3 and 6.3 × 6.3 × 40 nm 3 , respectively. In total, this dataset covered ∼20% of one calyx ( Fig. 3 A and B) . We identified 85 synaptic contacts between PN axon terminals and KCs, as indicated by established criteria for presynaptic specialization including prominent densities, presence of clustered synaptic vesicles, and T-bar-like structures ( Fig. 3C; Fig. S2 ; Table S1 ; Movie S2) (11, 27) . We found that ∼85% of the PN-KC synapses (72/85) were made onto KC claws (Fig. 3D) , ∼9% of the synapses (8/85) were made onto the ending of filopodia-like structures on KC dendrites (Fig. 3E) , and ∼6% of the synapses (5/85) were made on . Dual-color calcium imaging is then used to map the response properties (e.g., to the three stimuli A, B, and C) of the postsynaptic neuron (e.g., responding to stimulus A only, represented as A+, B−, and C−) and all of the presynaptic terminals, regardless of their connectivity. Structural mapping is then carried out to identify the actual sites of synaptic contacts (post with pre 1, 2, and 3), and the presynaptic partners of the single postsynaptic neuron could then be pooled together for analysis. In this illustration, all three presynaptic inputs responded to A whereas only one of them responded to B and C, explaining the response pattern of the postsynaptic neuron.
the shaft of KC dendrites (Fig. 3F) . Furthermore, every KC claw that we identified (n = 27) received synapses from the PN axon terminal that it encircled, with an average number of 2.4 synapses per claw. Therefore, the great majority of PN inputs to KCs were made from the PN axon terminals to the KC claws, allowing us to map the PN-KC connections comprehensively by focusing on these structures. The PN inputs that were located on the filopodia or shaft of KCs were not analyzed further because these connections could not be unambiguously identified with light microscopy.
Odor-Evoked Calcium Transients in KCs. Individual PN axon terminals and the dendrites of single KCs could be clearly resolved during functional imaging, revealing differential odor-evoked response patterns (Fig. S3) . No significant adaptation effect was found after a few pretrial exposures, enabling us to functionally map the entire calyx by repeating single-plane trials along the z axis (Fig. S4 ). Consistent with previous findings (13, 15) , the responses of single KCs was highly selective to particular odors, and each odor activated a small percentage of KCs (Fig. S5) . We first studied the odor response patterns of the complete dendritic trees of single KCs in the calyx and found that the calcium transients evoked by odors exhibited heterogeneous spatial patterns (Fig. 4A ). For 23 KCs that projected to the vertical lobes (18 α/β KCs, 5 α′/β′ KCs), we recorded the response patterns of the KC axon at the tip of the vertical lobe as a readout of KC output and compared them with the response patterns of the dendrites in the calyx. When a positive odor response was found at the KC axon, global calcium transients with large average dendritic response amplitudes could almost always be found covering most of the dendrites (Fig. 4 A and B) , suggesting that these events correspond to suprathreshold activation of KCs. When odors evoked global calcium transients, the amplitudes of calcium signals of the postsynaptic claws did not correlate with those of the corresponding presynaptic terminals (Fig. 4C) , suggesting high variability in the contribution of individual PN terminals to the KC responses. When an odor evoked no obvious response at the KC axon, global calcium transients were absent from KC dendrites, but local calcium transients restricted around postsynaptic sites were often observed (Fig. 4A) . The spatial profile of the local calcium transients could be well fitted using
Gaussian distributions centered at the claw with an average SD of 4.2 ± 0.8 μm (n = 23, Fig. 4 D and E). These events were invariably accompanied by the activation of the corresponding PN terminals (Fig. 4F) . For individual claws, the amplitude of the local calcium transients often showed a linear relationship with the amplitude of presynaptic calcium signals (Fig. 4G) , suggesting that local calcium transients correspond to subthreshold activation of KCs caused by presynaptic PN activation, and that the regression coefficient provides a measure of the effective synaptic strength.
Input-Output Relationship of Single KCs. To investigate the origin of odor selectivity of KCs, we pooled together all identified presynaptic PN inputs of single KCs and compared them with the KC output. As the simplest measure, we first examined whether the arithmetic sum of PN input responses could be useful for predicting KC output. In the example shown in Fig. 5A , we identified seven PN terminals, five of which were labeled with R-GECO1, each responding differentially to five different odors. The KC axon showed a detectable response to only one of the odors, which also evoked the highest amplitude of the summed PN inputs (Fig. 5B) . In 8 of the 10 KCs that responded to at least one odor, the odor that triggered KC output responses also elicited the largest summed inputs (P < 0.001, Fig. 5C ). Thus, the output of single KCs is strongly correlated with the PN inputs that they receive and may be predicted by placing a threshold on the arithmetic sum of PN input responses.
Scaling of Average Synaptic Efficacy with Total Synapse Number on
Single KCs. Inspection of Fig. 5C showed that the amplitude of the summed PN calcium signals required to activate the KC appeared to increase with the number of PN axon terminals received by the KC. Assuming a constant threshold for KC activation, this finding indicates that the average synaptic strength per PN terminal is scaled down with an increasing number of input PN terminals. To search for a simple scaling rule for the dependence of average PN synaptic strength on the PN terminal number n, we tested two scaling rules in which the summed PN signals were divided by n or by log(n) and evaluated the improvement of the scaled summed PN signals in predicting KC output. This evaluation was quantitative performed with the receiver operating characteristics (ROC) curves (Fig. 5D) . By systematically varying the threshold for classification, the optimal rule that maximized true positives and minimized false positives could be selected. The results showed that scaling by either n or log(n) improved classification performance (Fig. 5E ) and that log (n) provided better improvement with an error rate of ∼20% at the optimal operating point. At this point, the threshold of the summed PN signals required for KC activation was Σ(dF/F) PN = 0.71 * log(n). It is also conceivable that the effective strength of the PN terminals in exciting KC depends on their distance to the axon because of spatial attenuation in the dendrite (33) . However, when different PN inputs were weighted according to their distance from the corresponding claw to the axon initial segment (34), we found a decrease rather than an increase in the prediction of KC output by the summed PN inputs (Fig. S6) , suggesting that PN terminals exert similar influences on the KC output regardless of their synaptic locations. Taken together, these results showed that selective odor-evoked responses in KCs could be well predicted by a linear summation of the excitatory PN input signals and that the average synaptic strength of PN inputs is scaled with the total number of PN terminals on each KC.
Discussion
In this work, we have developed a strategy for the comprehensive functional mapping of the presynaptic inputs of a single neuron and have applied the strategy to the connections between PNs and KCs in the Drosophila olfactory system. Simultaneous dualcolor calcium imaging of presynaptic terminals and single postsynaptic neurons allowed us to analyze the relationship between presynaptic activation and postsynaptic response during olfactory processing. We found that the odor selectivity of single KCs could be well predicted by thresholding the arithmetic sum of the presynaptic PN calcium signals, indicating that odor selectivity in KCs is primarily determined by the excitatory PN inputs. Furthermore, we discovered that the average synaptic strength of PN axon terminals on a KC scales with the total number of PN terminals received by the KC.
Origin of Subcellular Calcium Dynamics. The local and global calcium transients that we observed in the KCs are similar to those found previously in the mammalian brain in vivo (6, 7, 35) , where local transients reflect synaptic activation and global transients reflect back-propagating action potentials or dendritic spikes. That global calcium transients in KCs are due to back-propagating action potentials is supported by the finding that they are highly correlated with KC axon activation. Cultured KCs express nicotinic cholinergic receptors that are permeable to calcium (36) , and it is likely that these receptors contribute to the local calcium transients in KCs. We found that the amplitude of local calcium transients often scaled linearly with the amplitude of presynaptic calcium signals, indicating that the effective strength of single synaptic sites can be estimated with dual-color calcium imaging. Although the limited sensitivity of G-CaMP3 prevented us from obtaining a comprehensive mapping of effective synaptic strengths for single KCs in this work, new generations of calcium indicator proteins with higher sensitivities promise that such a goal eventually could be achieved (26, 37) . Such information should be especially helpful for the understanding of neuronal computation in the MB, a brain area widely regarded as a storage site for olfactory memories (10, 18) .
Input Integration in KCs. The integration rule of KCs in Drosophila is currently not fully understood. Similar neurons in the locust are known to exhibit strong oscillation of membrane potential upon odor stimulation, a response that may be caused by oscillatory PN input or feedback inhibition in the MB (21, 38, 39) . For such neurons, it is likely that the inputs are not linearly summed, and the timing of inputs relative to the phase of oscillation could be important. Although calcium imaging does not easily allow analysis of neural activity at the millisecond scale, the fact that the KC output could be well predicted by the sum of relatively slow calcium signals suggests that fine temporal coding is not essential for the generation of odor responses in this system. This is consistent with previous findings (15) that KCs in Drosophila, unlike similar neurons in the locust, do not exhibit strong oscillation of membrane potential upon odor stimulation. The very large input resistance measured from KCs also resulted in a large membrane time constant (15) , making it more likely that they function as temporal integrators rather than as coincidence detectors.
Scaling of PN-KC Synaptic Strength. Our analysis of the inputoutput relationship of single KCs revealed that, under the assumption of a constant firing threshold, the average synaptic strength per PN terminal is scaled down with an increasing number of input PN terminals. In the absence of such a mechanism, KCs that receive larger numbers of PN inputs would be proportionally more likely to be activated by odors than those that receive smaller numbers of PN inputs, resulting in biased representations of odors in the MB. Therefore, scaling of the average strength of PN-KC synapses with the number of PN inputs ensures that KCs with a different number of PN inputs could be activated by odors with similar frequency. The cellular mechanism underlying such synaptic scaling could be intrinsic to KCs, for example, by maintaining a relatively constant pool of postsynaptic transmitter receptors available to PN inputs in all of the KCs. Those KCs with larger numbers of PN inputs would provide fewer postsynaptic receptors for each PN-KC synapse, thereby downscaling average synaptic strength. Alternatively, the number of inhibitory synapses received by a KC may be correlated with the number of excitatory synapses from PNs, so that the efficacy of PN inputs in activating the KC is effectively downregulated.
Toward "Inputome" Mapping for Single KCs. In addition to the excitatory PN inputs, previous works have shown that the MB calyx is also innervated by a small number of GABAergic, octopaminergic, and dopaminergic neurons (40) . The inhibitory GABAergic neurons make synaptic contacts with both PN axon terminals and KC dendrites (27) . It is possible that the response properties of PN inputs that we have mapped here were already modified by presynaptic inhibition from these neurons. Presynaptic inhibition has been found to be important to gain control at the stage of inputs to PNs (41) and may also play a similar role at the PN-KC connections to control the average output level of PNs. The postsynaptic inhibitory component of KCs may also play a role in determining the effectiveness of postsynaptic activation by the PN inputs through either membrane hyperpolarization or local shunting. A complete mapping of the presynaptic inputs to single KCs that includes the inhibitory and neuromodulatory components-the inputome of single KCswould undoubtedly further deepen our understanding of the rules of neuronal computation in the MB.
Functional Mapping of Presynaptic Inputs. The strategy that we introduced here rests on two components: dual-color calcium imaging for the simultaneous measurement of pre-and postsynaptic responses and a genetic labeling scheme that allowed us to identify the presynaptic partners of a particular postsynaptic neuron. For the MB calyx, we took advantage of the fact that the sites of PN-KC connections could be reliably identified by clawlike structures that are visible under light microscopy. Specialized axon/dendrite morphology associated with synaptic connections is also found in many other systems, such as the mossy fiber terminals on the granule cells of the cerebellum, where each granule cell forms four or five short dendrites that end in claw-like structures on mossy fiber terminals (42) . In the absence of such specialized structures, direct EM reconstruction could be carried out with the help of genetically encoded tags that are visible under both light and electron microscopy (43) . Alternatively, methods of monosynaptic retrograde virus tracing may be adapted to label the presynaptic partners of single neurons (44, 45) . Although the number of inputs received by KCs is relatively small, with the emerging techniques of fast 3D optical microscopy (46, 47) and high throughput EM (4, 5, 32) , it is conceivable that this strategy could be scaled up in the future for the analysis of more complex neural circuits.
Materials and Methods
For full details, see SI Materials and Methods.
Transgenic flies carrying UAS-R-GECO1 or QUAS-R-GECO1 were generated according to standard procedures. For the generation of FLP-out clones for dual-color calcium imaging, flies of the genotype tub-FRT-GAL80-FRT/+; QUAS-R-GECO1, QUAS-R-GECO1/UAS-G-CaMP3; GH146-QF/ MKRS, hsFLP; OK107-GAL4/+ were heat-shocked at 37°C for 15 min during the late pupal stage. These flies were prepared for in vivo calcium imaging by exposing the brain above the recording chamber while keeping the antenna below for odor presentation. Olfactory responses of the PN axon terminals and the single KCs were then imaged by repeating single-plane sessions along the Z-direction to cover the whole calyx. After imaging, brains were processed for immunohistochemical staining against ChAT to facilitate the analysis of structural connectivity based on optical images. Response traces of KCs or PN axon terminals were calculated by averaging the fluorescence level inside regions of interest (ROIs) that were manually traced. To calculate dF/F for the response traces, the baseline fluorescence level during the time interval 0-2.5 s before odor onset was averaged and then subtracted and divided from the response trace. Fluorescence level had to be >3.5 SD above the baseline fluorescence level at any time during the time interval 0-2.5 s after odor onset to be counted as a positive response. If a positive response was found, the peak dF/F during the time interval 0-2.5 s after odor onset was measured as the response amplitude. Brains for EM analysis were fixed with glutaraldehyde and osmium tetroxide, en bloc-stained with uranium acetate, embedded in Epon, and imaged with FIB-SEM.
